Mixed iron-cobalt oxides have been grown on a Ru(0001) single crystal substrate by reactive molecular beam epitaxy. The growth has been followed by low-energy electron microscopy and diffraction. Chemical characterization has been performed by selected area x-ray absorption spectroscopy. As previously known, iron grows into a wetting layer of FeO. In contrast, cobalt grows into three-dimensional islands of CoO, of either with a (111) -most common-or a (100) orientation. For mixed compositions, flat 2D growth is regained. Depending on temperature, either segregation into two FeCo compositions or a single phase is detected. In all cases the structure corresponds to an in-plane expanded (111)-oriented halite one. When only one phase is observed or for the Co-rich phase in the two phase film, its crystal structure is rotated by 30 • relative to the Ru substrate, unlike the Co-poor phase which appears aligned with the substrate.
Introduction
Cobalt and iron oxides have many similarities. The divalent oxides, CoO and FeO, both have the rocksalt structure (halite) with very similar lattice spacings. They are Mott insulators with antiferromagnetic order and Néel temperatures of 290 and 200 K respectively. One difference is that FeO, wüstite, is non-stoichiometric in bulk form. Iron oxides have long been grown in thin film form [1, 2] either by sequential deposition of metal layers followed by oxidation, or by single step reactive molecular beam epitaxy (r-MBE), i.e. depositing the metal in a background pressure of an oxidizing agent. In both cases, molecular oxygen is the most common oxidizing agent, although NO 2 or O 3 have also been used. Such approach is useful to grow thin films on either oxide substrates, or metallic substrates that are more difficult to oxidize than iron. Through such approach, it has long been observed that iron oxide growth proceeds through a Stranski-Kranstanov growth mode on most metal substrates, albeit one where the wetting layer has a monoxide composition while the three dimensional islands correspond to the spinel phase, magnetite. The reasons for such mode are not straightforward, as FeO is not expected thermodynamically in the ranges of oxygen pressure and substrate temperature typically employed in reactive MBE [3] . In any case, the wetting character of initial FeO growth affords a way to grow ultrathin FeO films, films which are atomically flat and can be as thin as a single FeO layer, i.e. one iron layer with one oxygen layer. The FeO layers have an hexagonal arrangement, corresponding to the FeO(111) rocksalt structure. These FeO films have been discovered to have catalytic activity [4, 5, 6] . Cobalt oxides have been less studied on substrates such as Pt(111) [7] . A rather complete work of cobalt oxides on Ir(001) [8, 9, 10, 11, 12, 13, 14] highlights the complexities of ultrathin oxide films. These growth experiments, performed by sequential deposition and oxidation, determined that the preparation procedure could select different orientations of the same CoO structure [15] . The similar lattice spacing, structure and chemical characteristics of CoO and FeO suggests that they should form mixtures. The Fe-Co-O phase diagram [16] confirms the existence of Fe x Co 1−x O in a wide range of experimental conditions, although for most of the composition range it coexists with the spinel phase. In this work we show that the initial stages of growth of iron, cobalt and mixed cobalt-iron oxides on Ru consist of only the halite phase, although with significant differences in the growth mode.
Experimental Methods
The experiments have been performed at the CIRCE beamline of the Alba synchrotron. The station [17] comprises a preparation chamber and the main chamber which houses the low-energy electron microscope (LEEM [18] ) with energy analysis capabilities. The instrument, an Elmitec III microscope, can be used in low-energy electron mode to provide real-space observations of the growth front during molecular beam epitaxy. It can also provide low-energy electron diffraction patterns of selected areas of the sample as small as a fraction of a micrometer, and can obtain dark-field images of the surface by selecting a diffracted beam to form an image. In photoemission mode (PEEM) and coupled to the Alba synchrotron, it provides selected area x-ray absorption spectroscopy without the need to transfer the sample after growth. The kinetic energy of the electrons in LEEM and PEEM mode is given by the start voltage, which is the potential difference between the sample on one side and the electron source and energy analyzer on the other side. The sample temperature is measured with a WRe thermocouple attached to a washer below the sample.
The substrates are Ru(0001) single crystals cleaned by repeated annealing to 1500 K, with annealing in oxygen at 1100 K to remove carbon. The oxide growth conditions are adequate for removing carbon segregating to the surface from the near-surface region. The Co and Fe dosers are electron-bombardment ones with solid rods of Fe or Co within a water jacket. We define one atomic layer (ML) as that with the same density as the Ru(0001) surface. Typical rates are 10 −2 atomic layers per second (ML/s). The calibration of the Co doser is performed by depositing a complete metallic layer on Ru(0001) at 600 K, while the iron is calibrated using FeO growth [19] . To grow the oxides a typical pressure of 10 −6 mbar of molecular oxygen is maintained in the LEEM chamber. Growth is performed under observation in LEEM. After growth the sample is cooled down to room temperature in oxygen until the temperature reaches 600 K and in vacuum afterwards.
Results and Discussion
We have previously studied the influence of both pressure and temperature in the nucleation rate of the FeO islands [19] . Depending on the pressure, the growth proceeds by either bilayer islands, or monolayer islands, where a monolayer of FeO refers to a single Fe layer covered by a single oxygen layer. In the films presented in this work, the pressure is 10 −6 mbar, which should give rise to bilayer islands. A typical morphology for a growing film of FeO is shown in the snapshots of Figure 1a , selected from a sequence acquired during deposition of iron on the Ru(0001) substrate, at a substrate temperature of 1150 K. After the initial nucleation stage, the islands grow in size until they coalesce forming a continuous bilayer. That the islands grow as a bilayer is already indicated as the coverage corresponding to 1.2 ML Fe (which corresponds to ∼1.7 ML FeO ) does not cover completely the substrate. The electron reflectivity is another way of characterizing the surface: the reflectivity is very different for monolayer islands, bilayer or oxygen-covered Ru [20] . Here the electron reflectivity from the islands shows the typical spectrum from bilayer-height islands [19] (not shown). If the growth is interrupted before completing the layer, the islands tend to have a triangular shape with two opposite orientations on each terrace (Figure 1b ). The two orientations correspond to twin stacking sequences relative to the substrate, and have already been detected in monolayer islands by scanning tunneling microscopy [21] . The ultrathin FeO layers present a moiré pattern due to the different in-plane lattice spacing of the film and the substrate. Such moiré pattern is reflected in the low-energy electron diffraction pattern ( Figure 1c ) which shows satellite spots around the FeO spots, which in turn form an hexagonal pattern aligned with the Ru(0001) one. The hexagonal layers in FeO on Ru(0001) present a simple hexagonal arrangement with a lattice spacing of 0.32 nm for the first two layers. Acquiring images with one of the FeO diffracted beams, i.e. dark-field imaging, shows the same image with only the FeO islands appearing bright (left frame of Figure 1d ). If one of the Ru diffracted beams is used instead, it is the one of the two hcp Ru substrate terminations [22] that is imaged bright (right frame of Figure 1d ). In summary, FeO growth proceeds by the nucleation of bidimensional islands, that wet the oxygen-covered Ru substrate and grow until they complete the bilayer. This 2D growth mode takes place in a wide range of temperature and occurs on other metal substrates such as Pt or Au [2] .
Cobalt oxide can be grown in the same way on Ru(0001). A sequence of images acquired during growth are presented in Figure 2a . In contrast with the case of FeO, deposition of one ML of Co only makes small islands which nucleate around the substrate steps, even if the substrate temperature, pressure and deposition rate is similar to the FeO case. In fact, the islands have not grown much upon further deposition, indicating a strong 3D growth. Thus, instead of 2D islands, cobalt oxide grows on Ru(0001) in the Volmer-Weber one: three dimensional islands nucleate from the first stage. Lowering the temperature does not change the growth mode: in Figure 2b we show the surface after growing at 950 K for 4 ML Co. The cobalt oxide islands are seen to have a triangular shape with two opposite orientations. Additionally, much less common islands have a rectangular shape. The diffraction pattern of such a surface is shown in Figure 2c . The brightest spots, marked with red circles, correspond to the first order Ru diffracted beams. Oxygen on the bare Ru substrate gives rise to additional diffracted beams with a 2×2 periodicity (not marked).
In addition there are two new patterns: a 30 • rotated pattern (marked with blue triangles), and a square pattern marked with green boxes. There is no moiré pattern as observed in FeO growth. Instead, we attribute the blue hexagon spots to the triangular islands, as discussed for the mixed case of Fe and Co below (although some intensity can also be due to diffraction from the oxygen covered Ru). And the square pattern arises from the rectangular islands. The lattice spacing of the triangular islands is 0.31±0.02 nm, slightly larger that the Ru(0001) value of 0.27 nm. We note that such a simple hexagonal pattern strongly suggests a simple (111)-oriented halite phase for the triangular islands: an unreconstructed spinel phase would appear as a structure with a 2 × 2 periodicity due to the twice-as-large unit cell within a (111) plane [20] . Likewise, a corundum structure would show additional spots at √ 3 × √ 3R30 • positions [1] . The square pattern, in contrast, corresponds to a lattice spacing of 0.20 nm, and has an angle of 10 • with the triangular islands diffraction pattern. To clarify the phase of the two types of islands we have measured the x-ray absorption near the L 3 and L 2 Co absorption edges, from a triangular and a rectangular island respectively as shown in Figure 2d . To do so we have measured the local intensity from a sequence of images collecting the electrons with low kinetic energy while scanning the photon energy through the Co L 3,2 adsorption edges. The two spectra are the same, and have the typical structure arising from CoO. In fact, they are indistinguishable from published reference spectra [23] . Thus both types of islands, triangular and rectangular, are composed of CoO. The triangular islands correspond to (111) oriented islands, with the LEED pattern in reasonable agreement with the expected hexagonal arrangement with a lattice spacing in real space of 0.31 nm. The rectangular island, instead, has a square diffraction pattern (inset in bottom of Figure 2d ). This suggests the rectangular island has a (001) orientation, although the observed lattice spacing is not close to a 1 × 1 structure. We suggest it corresponds to a 2 × 2 reconstruction, although further work is needed to confirm this assignment. We note that ceria on Ru(0001) has also been found to nucleate into islands with the same structure and presenting both the (001) and the (111) orientation, and in the former case a reconstructed 2 × 2 structure has been reported [24] . In addition, it is known that the preparation procedure can select a different oxide orientation for CoO grown on Ir(001) [15] . Apart from the coexistence of two different orientations, of which one of them comprises the majority of the islands, the 3D growth is quite unexpected: given the much lower surface free energy of oxides when compared with metals, it is usually considered that oxides wet metal substrates, while metals tend to grow three-dimensional on top of oxides. This behavior is more puzzling given the known propensity of FeO to grow in the form of extremely flat layers in a wide temperature range [19] .
So while iron oxide grows as FeO wetting the Ru substrate in either monolayer or bilayer flat islands with (111) orientation and aligned with the substrate, cobalt grows as CoO in three dimensional mode. Next, mixed compositions of iron and cobalt were deposited on the surface by simultaneously depositing Fe and Co in an oxygen background pressure of 10 −6 mbar. Figure 3a showns snapshots from such a growth experiment. The conditions are similar to the previous experiments, but instead of dosing either Co or Fe, the two dosers were run at conditions where the ratio of Co:Fe was 0.8:1. As in the previous cases, most of the islands nucleate at the step edges. But unlike the cobalt case, for the mixed deposition the growth appears to be 2-dimensional, as suggested by the rate at which the islands fill the surface. Thus, a mixture of iron and cobalt oxide wets again the Ru surface as did FeO. A larger view of the deposited film is shown in Figure 3b . The covered area is in reasonable agreement with the asumption of bilayer growth. At the particular start voltage employed (35 V), the mixed-oxide islands appear brighter that the oxygen-covered substrate. The diffraction pattern from the film is shown in Figure 3c and has the same 30 • rotated pattern already detected for the CoO film, in addition to the Ru substrate beams and the 2 × 2 from oxygen on Ru. Dark-field imaging (shown in Figure 3d ) confirms that all rotated spots come from the mixed oxide. In fact, two regions are detected depending on which first order beam is chosen, suggesting that two stacking sequences are present within each substrate terrace. The diffraction pattern can be interpreted as a simple halite structure along the (111) orientation (as in the CoO only growth) with a lattice spacing is 0.31 nm, and the lack of other spots again strongly hints at a halite (monoxide) phase. XAS spectra (not shown) confirm that the areas contain both iron and cobalt. Thus, the islands should have a Co 0.45 Fe 0.55 O composition.
Growing at a slightly lower temperature brings an unexpected feature. Such a growth sequence is shown in Figure 4a . There seems to be two types of islands with different reflectivity (i.e. gray level in the images), most clearly seen in the second frame. A similar film is shown in Figure 4b , where the LEEM image was acquired at a start voltage of 40 V where the contrast between islands is more evident. All the islands have a clear triangular shape. Furthermore, all the islands with a given reflectivity have two possible orientations, with each of one a mirror image of the other (as was previously noted for FeO islands [21] ). But when comparing islands with different reflectivity, there is a 30 • rotation between the two families, as marked in Figure 4b . The easiest explanation for the different orientation is that the crystal structure on each type of island is rotated itself by the same amount. This relationship between island orientation and crystal structure has been long used in thin films, and usually arises from kinetic effects for atoms diffusing around the islands. To confirm such idea in our case, we resort to dark-field imaging. First, the low-energy electron diffraction pattern is acquired from the surface, as shown in Figure 4c . This pattern has some common elements when compared with the higher temperature mixed growth (Figure 3c ). First, it shows the Ru diffracted beams, one of which is marked by a grey circle. Then there is a 2 × 2 lattice pattern, already seen before and arising from exposed areas of Ru covered with oxygen. Then there are the spots marked by a green hexagon. Those beams are at positions that can be attributed to a structure rotated by 30 • with a lattice spacing of 0.31 nm. But in contrast with the previous experiment, and close to the Ru beams, there is the same pattern of beams and satellites that have been previously observed for FeO ( Figure 1c ). They can be attributed in the same way to a moiré pattern of an hexagonal structure with a lattice spacing close to 0.31 nm, and aligned with the underlying Ru substrate. Clearly, there is a strong suggestion that the "white" islands, whose shape is rotated by 30 • , have the rotated diffraction pattern, while the "dark" islands correspond to the unrotated (moiré) pattern. In Figure 4d several dark-field images are shown. Confirming the previous argument, one set of islands appears bright when diffracted beams corresponding to the moiré pattern are employed. In line with the assumption of different stacking sequence for islands pointing in opposite directions, each orientation respectively appears brighter/darker for each first order beam used (see bottom two images marked with red circles in Figure 4c ). When acquiring dark field images with the diffracted beams belonging to the green hexagon in the LEED pattern, the islands oriented at 30 • of the previous ones appear bright. So the link between orientation and crystal structure is established.
Thus, codeposition of Fe and Co in oxygen at a slightly lower temperature gives rise to flat islands with the same orientation and crystal structure of pure FeO on Ru(0001), and to islands with a rotated structure. Both seem to have a similar height from reflectivity measurements (not shown). Nevertheless, their structure is the same: it corresponds to a simple hexagonal unit cell with a 0.31 nm lattice spacing. That structure and lattice spacing are compatible with a rocksalt structure of either FeO or CoO with a (111) orientation, considering a similar lattice spacing to the experimentally observed for ultrathin FeO. Given that no rotated structure has ever been observed on pure FeO on Ru(0001) [25, 26] , it is clear that the rotated structure is due to the addition of Co. In fact, for CoO-only growth, we have already shown triangular islands with the same rotated orientation. So it is tempting to assume that the different orientation is related to the islands composition, where the two types of islands would then reflect a segregation into two compositions.
To confirm or disprove that the island composition is related to the island orientation, we show XAS images and spectra acquired from the islands. For comparison, a LEEM image of the same area is shown in Figure 5a . In the next two frames difference images, acquired at the L 3 absorption edge of either Co or Fe and their pre-edge intensity, are shown. The same general topography is observed in the LEEM and the XAS images, with triangular islands nucleated in the substrate terraces as well as islands decorating the substrate steps. In the LEEM image the two different types of islands, rotated and aligned with the substrate, are clearly distinguished. Most of the bright islands are decorating the step edges, something that was already apparent in Figure 4b . The Fe XAS image does not indicate any difference between the two regions. The full spectra acquired at the two type of areas is also similar (Figure 5d , top). But a difference in cobalt content is clear in the Co XAS image (Figure 5c ). The same is observed in the selected area spectra of Figure 5d , bottom. This result clearly indicates that the rotated islands are enriched in cobalt, confirming the hypothesis that related their composition with their orientation. Both types of islands, however, are not either iron or cobalt monoxide, but rather correspond to mixed compositions.
Summary
We have followed the initial stages of iron, cobalt and mixed iron-cobalt oxides grown by reactive molecular beam epitaxy while observing the growth front in real time and real space by low-energy electron microscopy. Further characterization has been performed by low-energy electron diffraction and x-ray absorption. In all cases, monoxide phases have been detected. For iron, FeO grows wetting the substrate and forming flat FeO islands of bilayer height. CoO in contrast forms three dimensional islands, most of which have a (111) orientation, but with occasional ones of (100) orientation. Mixtures grow again wetting the substrate. At higher temperatures, a single phase film is obtained with a rotated orientation. For a lower temperature range segregation is observed into Co-rich islands, which present a lattice structure rotated by 30 • relative to the Ru substrate, and Co-poor islands that have the lattice oriented in the same way as the underlying Ru.
